Introduction
============

Seed germination and early seedling development are the processes that are regulated by sugars and phytohormones such as ABA, GA, and ethylene ([@bib36]; [@bib26]; [@bib54]; [@bib39]). Glucose at high concentrations has been shown to delay seed germination and early seedling development including cotyledon expansion and greening ([@bib11]; [@bib39]). This phenomenon has been commonly used to screen for mutants with altered glucose responses. Many signal transducers in the glucose sensing and signalling pathways have been discovered ([@bib39]). Interestingly, analysis of several sugar-resistant mutants revealed that they are allelic to the genes implicated in plant hormone responses or phenocopied by plant hormone biosynthesis or signalling mutants. For example, the *Arabidopsis* mutants *gin1*, *sis4*, and *isi4* were found to be allelic to *aba2*; *gin5* was allelic to *aba3*; *gin6*, *sis5*, and *isi3* were allelic to *abi4*; and *gin4* and *sis1* were allelic to *ctr1* ([@bib61]; [@bib2]; [@bib19]). Furthermore, gibberellins (GAs) have been demonstrated to stimulate seed germination. *Arabidopsis* GA-deficient or GA-insensitive mutants fail to germinate normally ([@bib25]; [@bib46]). Factors influencing GA biosynthesis also affect seed germination ([@bib48]; [@bib58]; [@bib59]). Despite the fact that the processes of germination and early seedling development are known to be regulated by sugars as well as ABA, GA, and other phytohormones ([@bib18]; [@bib13]; [@bib27]), factors that affect sugar and phytohormone responses remain to be fully elucidated.

In eukaryotes, protein biosynthesis is terminated by the heterodimetric complex which is composed of two releasing factors, eukaryotic release factor 1 (eRF1) and eukaryotic release factor 3 (eRF3) ([@bib14]; [@bib45]; [@bib62]). Human eRF1 forms a crystal structure mimicking tRNA, with three domains resembling the anticodon loop, aminoacyl acceptor stem, and the T-stem of a tRNA molecule ([@bib44]). The structural similarity between eRF1 and a tRNA could account for the function of eRF1 in the process of translation termination, i.e. specific recognition of nonsense codons followed by the hydrolysis of a peptide--tRNA bond to release the completed polypeptide from the ribosome ([@bib14]).

The eRF1 homologues identified from various eukaryotes share a high degree of sequence and functional similarity, indicating conservation of translation termination throughout eukaryotes ([@bib50]; [@bib24]; [@bib5]). Although the biochemical activity of eRF1 proteins has been well established, several lines of evidence indicate that eRF1 may function in other processes in addition to translation termination. Mutation in the *SUP45* (*eRF1*) gene affected the sensitivity of *Saccharomyces cerevisiae* to the microtubule poisoning drug benomyl and chromosome segregation at anaphase ([@bib4]). Repression of *eRF1* caused the accumulation of unbudded yeast cells carrying 2C or even more DNA content, whereas repression of *eRF3* caused different morphological changes, including enlarged cells with large buds, disappearance of the actin cytoskeleton, and defective mitosis, suggesting that the phenotypic changes caused by the down-regulation of *eRF1* were not just the consequences of a disturbance of translation termination ([@bib51]). In *Arabidopsis*, cosuppression of *eRF1-1* led to the *broomhead* phenotype with reduced internode elongation and altered cell division in fascicular cambial regions ([@bib37]). Collectively, these observations indicate that there are additional functional roles of eRF1 in the growth and development in eukaryotes.

By comparison with numerous studies on eRFs in other eukaryotes, there is only limited work on the functional characterization of a translation release factor in plants. *Arabidopsis* carries an *eRF1* gene family with three members that fall into two subclasses: *eRF1-1* and *eRF1-2*/*eRF1-3*. The eRF1-1 protein shares 86% and 85% sequence identity with eRF1-2 and eRF1-3, respectively, while eRF1-2 and eRF1-3 share up to 94% identity ([@bib5]). Although the involvement of eRF1-1 in cell elongation and radicle cell division has been documented ([@bib37]), the additional functions of this protein family in plant growth and development remain largely unknown.

In this study, the physiological role of *eRF1-2*, a member of the *eRF1* gene family, in *Arabidopsis* was examined through genetic, physiological, and molecular analyses. The *eRF1-2* gene encoded a protein localized in both the cytoplasm and the nucleus. It was expressed ubiquitously throughout plant development, but accumulated highly in young tissues, vascular tissues, root tips, and guard cells. Its transcript level was specifically stimulated by glucose. Transgenic *Arabidopsis* plants overexpressing *eRF1-2* showed hypersensitivity to glucose with delayed germination and reduced expression of glucose-regulated genes. Such hypersensitivity appeared not to be due to an increased level of ABA accumulation. Overexpression and knock-out of *eRF1-2* reversely regulated the plant responses to paclobutrazol (PAC), an inhibitor of GA biosynthesis. These findings suggest a novel role of *eRF1-2* in affecting plant responses to glucose and GAs.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

*Arabidopsis* plants were grown either on MS plates containing Murashige and Skoog salts supplemented with 1% sucrose, or in soil in a growth chamber with a 16 h light period at 24 °C. The *Arabidopsis thaliana* SALK T-DNA insertion line of *erf1-2* (SALK_150931) was obtained from the Arabidopsis Biological Resource Center (Columbus, Ohio). Screening of the homozygous T-DNA insertion line was performed by PCR with gene-specific primers SALK_150931LP: 5′TGGCTAACATCGTTATCTCCG-3′; SALK_150931RP: 5′ACAGTCTGCACTTCGTTTTGC-3′ and T-DNA border primer Lba1 (5′-TGGTTCACGTAGTGGGCCATCG-3′).

RNA extraction, reverse transcription, RT-PCR, quantitative RT-PCR
------------------------------------------------------------------

Total RNA from various tissues of *Arabidopsis* plants was extracted using the TRIzol reagent according to the manufacturer\'s instruction (Invitrogen). One microgram of total RNA was primed with oligo(dT) and reverse-transcribed into cDNA using Superscript III (Invitrogen). Gene-specific primers used for RT-PCR are as follows: ACTIN 8 (At1g49240), 5′-ATGAAGATTAAGGTCGTGGC-3′ (forward) and 5′-TCCGAGTTTGAAGAGGCTAC-3′ (reverse); ERF1-2 (At1g12920), 5′-ACAGTCTGCACTTCGTTTTGC-3′ (forward) and 5′TTAATCAGAATCTTCGTAAACTTC-3′ (reverse); and green fluorescent protein (AB434768), 5′-ATGGGCACAAATTTTCTGTCAG-3′ (forward) and 5′-AGGACCATGTGGTCTCTCTCTTTTCGT-3′ (reverse).

Quantitative RT-PCR was performed using the SYBR Green Mastermix (Applied Biosystems) with primers as listed in [Table 1](#tbl1){ref-type="table"} and in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1) at *JXB* online. Expression of all genes was assayed in triplicate. The PCR program was 50 °C for 10 min and 95 °C for 2 min followed by 40 cycles of denaturation for 15 s at 95 °C and annealing/extension at 60 °C for 1 min.

###### 

Primers used for qRT-PCR analysis of glucose-induced and GA biosynthetic and signalling genes

  Gene         Sequences                  AGI number
  ------------ -------------------------- ------------
  Actin 8 F    TGCAGACCGTATGAGCAAAG       At1g49240
  Actin 8 R    CTGGAAAGTGCTGAGGGAAG       
  ERF1-2 F     GTCTGATACAAGCAACTTCCA      At1g12920
  ERF1-2 R     TTAATCAGAATCTTCGTAAACTTC   
  CAB1F        CACTGGTAAGGGACCGATAGAG     At1g29930
  CAB1R        ACACTCACGAAGCAAAGACTGA     
  PCF          CCGTCAGCTCAAAACCTAAGAC     At1g76100
  PCR          GACACCGAAATCCTTCAAAGAG     
  CPSF         GATCGATGCCGGAGATAAAA       At4g02780
  CPSR         GATACGCATCTCCCCAAGAA       
  KSF          CAATCGCAGCAAAGAAGTGA       At1g79460
  KSR          TCTTTGCATTCCCTTGGAAC       
  KO1F         GCTAGGGACCATCCACAAGA       At5g25900
  KO1R         TCCACATCTTTCCCAAAAGC       
  AtGA3ox1-F   ACGTTGGTGACCTCTTCCAC       At1g15550
  AtGA3ox1-R   CCCCAAAGGAATGCTACAGA       
  AtGA3ox2-F   GGCGTAGCTCGTATTGCTTC       At1g80340
  AtGA3ox2-R   GGAGAGCCAATAACGGTGAA       
  AtGAIF       ACTCGTTGGAAGGTGTACCG       AT1G14920
  AtGAIR       CTCAACTCGGTCAGGTCCAT       
  AtGID1AF     AAGAAAGCGGGTCAAGAGGT       AT3G05120
  AtGID1AR     ACAAACGCCGAAATCTCATC       
  AtSLY1F      ACGTCGACGCAAAGACCTTA       AT4G24210
  AtSLY1R      GCAGCCGATGTTAGTCCAGT       

Immunoblot analysis
-------------------

Total proteins from rosette leaves of 4-week-old *Arabidopsis* plants were extracted using CelLytic P Plant Cell Lysis/Extraction Reagent (Sigma). Proteins (10 μg) were resolved in a 10% SDS-PAGE and analysed by Western blot with anti-GFP antibody (sc-8334, Santa Cruz Biotech). Signals were detected using the ECL Plus Western blotting detection system (Amersham) and visualized by a STORM 860 PhosphorImager (Amersham).

Sugar treatment
---------------

Ten-day-old *Arabidopsis* seedlings of the wild type (WT) grown on MS plates were immersed in solutions of 6% glucose, 6% mannitol or water, respectively, and gently shaken at room temperature in the dark. Seedlings were collected at different time points, immediately frozen in liquid nitrogen, and stored at --80 °C until use.

Glucose, ABA, and paclobutrazol response assay
----------------------------------------------

*Arabidopsis* seeds harvested at the same time were dried at room temperature for over 2 weeks. Seeds were surface-sterilized with 30% bleach for 10 min and washed five times with sterile water. The glucose response assay was carried out following the method as described previously by [@bib2].

For the ABA response assay, the surface-sterilized seeds were placed on MS plates with 0, 0.3, 0.6, and 1 μM ABA, respectively. Seeds were stratificated at 4 °C for 48 h and germinated under a 16/8 h light/dark photoperiod at 24 °C. Germination, scored by radicle emergence from the seed coat, was recorded.

For the PAC response assay, the surface-sterilized seeds were placed on MS plates with 0, 1, 2, 3, 4, 5, and 10 μM PAC, respectively.

Plasmid construction and plant transformation
---------------------------------------------

For endogenous gene expression analysis, a 483 bp promoter sequence of the *eRF1-2* gene, which is the DNA sequence between *eRF1-2* and the upstream gene, was amplified from the *Arabidopsis* genome using the primers of 5′-AA[CTGCAG]{.ul}GAGGCAAACCAATAAACGGC-3′ (forward) and 5′-AA[CCATGG]{.ul}TTTTAGCTTCTCTCGAGGTC-3′ (reverse) with added *Pst*I and *Nco*I sites, respectively (underlined). The amplified PCR product was fused to the *GUS* gene in pSG565 vector ([@bib17]). The entire cassette was then subcloned into the binary vector pCAMBIA1300 (CAMBIA) between the *Bam*HI and *Pst*I sites to make the Pro~eRF*1-2*~:GUS construct.

For overexpressing the *eRF1-2* gene, the full-length *eRF1-2* cDNA was amplified using primers eRF*1-2*F 5′-AA[CTCGAG]{.ul}ATGGCAGAAGAAGCGGATAC-3′ (forward, *Xho*I underlined) and eRF*1-2*R 5′-AA[CCATGG]{.ul}GATCAGAATCTTCGTAAACTTCAG-3′ (reverse, *Nco*I underlined). The amplified product was fused into a GFP coding sequence in pAVA395 via *Xho*I and *Nco*I digestion ([@bib53]), and then subcloned into pCAMBIA1300S between the *Kpn*I and *Bam*HI sites ([@bib56]) to yield the 35S:eRF1-2:GFP construct.

The constructs and empty vectors were electroporated into *Agrobacterium tumefaciens* strain GV3101 and introduced into *Arabidopsis* by the floral dip method ([@bib7]). Transgenic plants were selected on MS media containing 50 mg ml^−1^ hygromycin.

Confocal microscopy analysis and GUS histochemical staining
-----------------------------------------------------------

GFP fluorescence in 3-d-old stable transgenic *Arabidopsis* plants overexpressing the eRF*1-2*-GFP fusion protein was observed with a Leica TCS SP5 confocal microscope as described previously ([@bib29]). Histochemical GUS activity was examined as described by [@bib23]. Three transgenic lines with more than five plants each were used.

ABA extraction and determination
--------------------------------

ABA extraction was performed as described by [@bib3]. In brief, 50 mg of 10-d-old *Arabidopsis* seedlings were homogenized in 1 ml of 80% acetone, shaken continuously at 4 °C for 24 h, and centrifuged. The supernatant was diluted 10-fold in TRIS-buffered saline. The ABA content was determined with a Phytodeteck ABA kit following the manufacturer\'s instruction (Agdia).

Results
=======

Structure and expression patterns of Arabidopsis eRF1-2
-------------------------------------------------------

The predicted eRF*1-2* protein of *Arabidopsis* contains 434 amino acid residues with a deduced molecular mass of 48.9 kDa. *Arabidopsis* eRF1-2 shares 73% amino acid sequence identity with human eRF1 and carries three conserved domains, which correspond to the anticodon loop, the aminoacyl acceptor stem, and the T stem of tRNA, respectively ([Fig. 1A](#fig1){ref-type="fig"}). The NIKS and GGQ motifs, which are shown to be responsible for interaction with the ribosome and hydrolysis of peptidyl-tRNA ([@bib16], [@bib15]), are located between amino acids 58 and 61, and amino acids 180 and 182, respectively ([Fig. 1A](#fig1){ref-type="fig"}).

![Structure and expression patterns of *Arabidopsis* eRF1-2. (A) Structure analysis of the eRF1-2 protein. The essential NIKS and GGQ motifs in the anticodon loop and the aminoacyl acceptor stem of eRF1-2 are indicated. (B) qRT-PCR analysis of the expression pattern of *eRF1-2*. R, roots; S, stems; YL, 28-d-old rosette leaves; ML, 40-d-old rosette leaves; CL, cauline leaves; FB, flower buds; F, open flowers. (C) Localization of GUS activity in 3-d-old transgenic *Arabidopsis* seedlings expressing *Pro~eRF1-2~:GUS*. GUS staining of 3-d-old seedling (1), hypocotyl (2), root elongation zone (3), root tip (4), shoot meristem tissue (5), cotyledon (6), and guard cell (7). Bar=1 mm. (This figure is available in colour at *JXB* online.)](jexboterp308f01_3c){#fig1}

To investigate the physiological role of eRF1-2 in plants, its expression pattern was examined. Quantitative RT-PCR analysis revealed that *eRF1-2* was expressed ubiquitously in various tissues of the plants under normal growth conditions ([Fig. 1B](#fig1){ref-type="fig"}). Higher levels of transcript were found in young leaves, flower buds, and flowers ([Fig. 1B](#fig1){ref-type="fig"}). To examine the expression pattern of *eRF1-2* further, the promoter sequence of *eRF1-2* was fused to the β-[D]{.smallcaps}-glucuronidase (GUS) gene and transformed into *Arabidopsis* plants. Thirteen independent stable transgenic lines were generated and analysed. High GUS activity was observed in very young leaves and flowers, whereas relatively low expression was found in mature or senescent tissues (see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1) at *JXB* online). The overall GUS expression pattern in these transgenic plants recapitulated the *eRF1-2* transcript levels in plants. A detailed examination of the GUS activity staining of 3-d-old transgenic seedlings revealed that eRF1-2 was expressed highly in root tips, vascular bundles of roots and hypocotyls, root and shoot meristem, veins of cotyledons, and guard cells ([Fig. 1C](#fig1){ref-type="fig"}). The vascular and guard cell-preferred expression of the gene indicates its involvement in the vascular and guard cell-specific processes ([@bib55]).

eRF1-2 was localized in the cytoplasm and nucleus, and specifically induced by glucose
--------------------------------------------------------------------------------------

The eRF1-2 protein contains no obvious predicted localization signal sequence. To experimentally determine the subcellular localization of eRF1-2 in plants, the *eRF1-2:GFP* chimeric gene under the control of the *CaMV 35S* promoter was introduced into *Arabidopsis* plants. Fifteen independent transformants were obtained and two homozygous lines (OV1-4 and OV13-11) of T~3~ plants were selected. RT-PCR analysis showed that *eRF1-2* was highly expressed in these two overexpressing lines, which were further verified by PCR using GFP specific primers ([Fig. 2A](#fig2){ref-type="fig"}). Immunoblot analysis with the GFP antibody revealed that, the *eRF1-2* transgenic lines contained a specific band close to the expected molecular weight of the fusion protein at approximately 85 kDa and an extra band at higher molecular weight ([Fig. 2B](#fig2){ref-type="fig"}), confirming that eRF1-2 was expressed in the transgenic *Arabidopsis*.

![Analysis of *eRF1-2:GFP* transgenic lines, subcellular localization of eRF1-2, and qRT-PCR analysis of the induction of *eRF1-2* expression by sugar. (A) RT-PCR analysis revealed that *eRF1-2* and *GFP* were highly expressed in the homozygous OV1-4 and OV13-11 overexpressing lines in comparison with WT plants (Col). (B) Immunoblot analysis of the *eRF1-2* overexpressing plants. Ten microgram of proteins extracted from leaf tissues were separated by SDS-PAGE and immunoblotted with a GFP antibody. Arrow points to the fusion protein at approximately 85 kDa. Molecular sizes are indicated on the left. (C) Subcellular localization of eRF1-2 protein. GFP signal in the root elongation zone of a 3-d-old transgenic seedling expressing *35S:eRF1-2:GFP* (1) and *35S:GFP* (2). GFP signal in the guard cells of a 3-d-old transgenic seedling expressing *35S:eRF1-2:GFP* (3) and *35S:GFP* (4). (D) Expression of *eRF1-2* was specifically induced by glucose. *Arabidopsis* seedlings (10-d-old) of WT plants were treated with 6% glucose, 6% mannitol, and water for 0, 2, 4, 6, 8, and 24 h. (This figure is available in colour at *JXB* online.)](jexboterp308f02_3c){#fig2}

These two transgenic lines along with vector-only control lines were examined by a confocal laser-scanning microscope. In the cells of the root elongation region, a green fluorescent signal was observed in the cytoplasm between the cell membrane and the central vacuole as well as in the nucleus ([Fig. 2C](#fig2){ref-type="fig"}, 1). Similarly, an intense GFP signal could be detected in the nucleus and cytoplasm of the guard cells in cotyledon tissue ([Fig. 2C](#fig2){ref-type="fig"}, 3). These results clearly suggest that eRF1-2 was expressed in both the cytoplasm and the nucleus. A stronger GFP signal was observed in every subcellular localization in the control transgenic *Arabidopsis* expressing *CaMV 35S:GFP* ([Fig. 2C](#fig2){ref-type="fig"}, 2, 4).

Protein synthesis is tightly regulated and requires cellular resources (Kallmeyer *et al.*, 2006). To see whether *eRF1-2*, as a component of the protein synthesis machinery, is regulated by sugar, its expression in response to glucose and mannitol treatment in WT *Arabidopsis* was examined. Quantitative RT-PCR analysis showed that the *eRF1-2* transcript abundance gradually increased with time and reached a level of over 2-fold at 24 h after treatment with 6% glucose, a glucose concentration commonly used to study glucose response ([@bib61]; [@bib2]). No increased *eRF1-2* mRNA levels could be observed following exposure of the plant to 6% mannitol or water ([Fig. 2D](#fig2){ref-type="fig"}). The results indicate that the expression of *eRF1-2* was specifically induced by glucose.

Transgenic *Arabidopsis* plants overexpressing *eRF1-2* conferred hypersensitivity to glucose
---------------------------------------------------------------------------------------------

Germination and early seedling development are known to be modulated by sugar signals ([@bib39]). To test whether eRF1-2 affects the *Arabidopsis* plant responses to glucose, germination and early seedling growth of the OV1-4 and OV13-11 overexpressing lines, an *erf1-2* mutant, and wild-type plants were examined by placing the seeds on MS plates containing various concentrations of glucose. The *erf1-2* mutant had a T-DNA insertion site at 897 bp of the open reading frame and did not contain a detectable amount of endogenous *eRF1-2* transcript (see [Supplementary Fig. S2A](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1), [B](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1) at *JXB* online). Southern blot analysis of the transgenic plant showed that this line carried a single copy of T-DNA (see [Supplementary Fig. S2C](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1) at *JXB* online).

As shown in [Fig. 3A](#fig3){ref-type="fig"}, there was no difference in seed germination and early seedling development when the plants were grown in the medium containing no glucose. However, the germination rate of the overexpressing lines was reduced in the presence of 5% and 6% glucose compared with the wild-type plants ([Fig. 3A](#fig3){ref-type="fig"}). At 6% glucose, the *eRF1-2* overexpressing lines had 25% seed germination, whereas wild-type seeds germinated 65% ([Fig. 3B](#fig3){ref-type="fig"}). The primary root length of these transgenic plants was shorter than that of the wild type when the medium contained more than 3% glucose ([Fig. 3C](#fig3){ref-type="fig"}). These results show that transgenic plants overexpressing *eRF1-2* resulted in hypersensitivity to glucose. No significant difference between wild type and the *erf1-2* mutant in response to glucose treatment was observed; indicating that knock-out of the single gene was not enough to affect the glucose response, possibly because of the functional redundancy among the three eRF1 family members. Double knockout lines of *eRF1-2* and *eRF1-3* were generated. Examination of their response to glucose treatment showed that they exhibited the same response as the *eRF1-2* single mutant (data not shown). Extensive efforts were made to generate triple knockout lines but without success. This may be due to the essential role of eRF1 proteins in protein synthesis termination. Similarly, homozygous *eRF1-1* cosuppression lines could not be obtained ([@bib37]).

![Transgenic *Arabidopsis* plants overexpressing *eRF1-2* were hypersensitive to glucose during germination and early seedling development. (A) Effect of glucose on the growth phenotype of plants with altered levels of *eRF1-2* expression. Six-day-old seedlings grown on MS plates containing 0%, 5%, and 6% glucose, respectively. Approximately 30 seeds from each line were used in the assay. The experiments were repeated three times. (B, C) Germination rate and primary root length of *Arabidopsis* plants after 6 d of incubation at 24 °C. The data represent an average of 30 plants +SD. Asterisks indicate significantly different means (*P* \<0.05). (D, E) qRT-PCR analysis of expression of *CAB1* and *PC* in 6-d-old *Arabidopsis* seedlings. The open bar and black bar stand for the 0% and the 6% glucose treatment, respectively. (This figure is available in colour at *JXB* online.)](jexboterp308f03_3c){#fig3}

To examine the involvement of *eRF1-2* in the glucose response further, the expression of several glucose-regulated genes was examined in the *eRF1-2* overexpressing plants and the *erf1-2* mutant by qRT-PCR. Among them, chlorophyll *a*/*b*-binding protein (*CAB1*) and plastocyanin (*PC*) showed differential expression. In the absence of glucose, *CAB1* and *PC* were expressed similarly among the plants with different level of *eRF1-2* expression ([Fig. 3D, E](#fig3){ref-type="fig"}). In the presence of 6% glucose, however, the transcript levels of these two genes were dramatically reduced in the overexpressing lines compared with the wild type and the *erf1-2* mutant ([Fig. 3D, E](#fig3){ref-type="fig"}). *CAB1* and *PC* are nuclear-encoded photosynthesis genes and regulated by glucose via the HXK-dependent glucose signalling pathway ([@bib42]). These results suggest that eRF1-2 might moderate the glucose response by affecting glucose signalling components during germination and early seedling development.

Overexpression of *eRF1-2* led to increased sensitivity to ABA
--------------------------------------------------------------

Glucose can increase cellular ABA concentration by either increasing ABA synthesis or inhibiting degradation during germination ([@bib2]; [@bib6]; [@bib38]). To test whether the hypersensitivity of the *eRF1-2* overexpressing plants to glucose was attributable to the excessive accumulation of ABA in the cells, the ABA levels were examined in the 6-d-old transgenic seedlings grown on MS plates containing no glucose and 6% glucose, respectively. No significant difference in the ABA levels could be seen among WT, the two overexpressing lines, and the *erf1-2* mutant in the absence of glucose ([Fig. 4A](#fig4){ref-type="fig"}). In the presence of 6% glucose, the ABA levels in the WT plants were increased as reported previously ([@bib6]). Interestingly, while the *erf1-2* mutant showed a slightly enhanced level of ABA accumulation following glucose treatment, the *eRF1-2* overexpressing lines contained less ABA than the WT ([Fig. 4A](#fig4){ref-type="fig"}), indicating that the hypersensitivity of the *eRF1-2* overexpressing lines to glucose was not caused by excessive accumulation of cellular ABA in these plants.

![ABA responses of *Arabidopsis* plants with altered expression of *eRF1-2*. (A) ABA levels in 10-d-old *Arabidopsis* seedlings grown on MS and MS with 6% glucose. Fifty milligrams of seedlings were used in ABA extraction. (B) Germination rate of a 6-d-old seedling grown on MS media containing 0, 0.3, 0.6, and 1 μM ABA. Emergence of the radicle is ascribed to germination. The data represent the average of two independent experiments. Bars indicate standard deviation.](jexboterp308f04_lw){#fig4}

To examine whether the hypersensitivity to glucose was due to altered sensitivity to ABA, the response of these *Arabidopsis* plants to ABA treatment were tested. Seeds were grown on MS plates containing various concentrations of ABA. The rate of germination, as indicated by radicle emergence from the seed coats, was measured. On the ABA-free medium, the *eRF1-2* overexpressing lines and the *erf1-2* mutant exhibited similar germination rates as the WT plants ([Fig. 4B](#fig4){ref-type="fig"}). With increased levels of ABA, the *eRF1-2* overexpressing lines showed hypersensitivity to ABA. Whereas the germination rate of the *erf1-2* mutant like the WT was not affected by 1 μM ABA, the germination rate of *eRF1-2* overexpressing lines was reduced to less than 80% at 1 μM ABA ([Fig. 4B](#fig4){ref-type="fig"}).

Expression of ABA biosynthetic genes, such as *ABA1/ZEP1* (At5g67030), *ABA2* (At1g52340), *ABA3* (At1g16540), *AAO3* (At2g27150), and *NCED3* (At3g14440) as well as a catabolic gene *CYP707A2* ([@bib34]) was examined in the WT, *eRF1-2* overexpressing lines, and the *erf1-2* mutant treated without or with 6% glucose. Interestingly, no significant difference in their expression levels was observed in spite of reduced levels of ABA in the *eRF1-2* overexpressing lines (see [Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1) at *JXB* online).

Transgenic *Arabidopsis* overexpressing *eRF1-2* showed increased sensitivity to PAC and the *erf1-2* mutant exhibited resistance to PAC
----------------------------------------------------------------------------------------------------------------------------------------

GA has been known to control seed germination and early seedling development. To explore whether eRF1-2 also affected plant responses to GA, the responses of these *Arabidopsis* plants to PAC, an inhibitor of GA biosynthesis, were examined. All the plants germinated equally well on medium containing no PAC ([Fig. 5A](#fig5){ref-type="fig"}, left image). When sown on MS plates supplemented with PAC, the overexpressing lines showed an increased sensitivity to PAC, while the *erf1-2* mutant exhibited a clearly enhanced resistance to PAC ([Fig. 5A](#fig5){ref-type="fig"}, middle image). The two transgenic overexpressing lines OV1-4 and OV13-11 were unable to germinate in the presence of 3 μM or more PAC ([Fig. 5B](#fig5){ref-type="fig"}). At a concentration of 3 μM PAC, the green cotyledon rates for the *erf1-2* and wild-type plants were 75% and 40%, respectively ([Fig. 5B](#fig5){ref-type="fig"}). When 3 μM PAC and 1 μM GA~3~ were applied together, the green cotyledon percentage of the *eRF1-2* overexpressing plants and the wild type reached a similar level as that of the *erf1-2* mutant ([Fig. 5C](#fig5){ref-type="fig"}), indicating that inhibition of germination in the overexpressing lines and the wild type by PAC could be overcome by exogenous application of GA. Resistance to PAC could result from ABA-deficiency or GA-hypersensitivity in some cases ([@bib22]; [@bib28]). The possibility of ABA-deficiency was ruled out because no reduction in the ABA level of the *erf1-2* mutant was observed.

![Responses of *eRF1-2* transgenic *Arabidopsis* to paclobutrazol (PAC). (A) Six-day-old seedlings grown on MS plates containing 0 and 3 μM PAC, as well as 3 μM PAC with 1 μM GA~3~. (B) Percentage of seedlings with green cotyledons at 6 d after treatment. (C) Percentage of seedlings with green cotyledon grown for 6 d on MS plates containing 3 μM PAC and 1 μM GA3. (D) Expression of GA biosynthetic and signalling genes in 10-d-old seedlings grown on the MS plates. *CPS*, ent-copalyl diphosphate synthase; *KO*, ent-kaurene oxidase; *KS*, ent-kaurene synthase; *AtGA3ox*, GA3-oxidase; *AtGAI* (*GA INSENSITIVE*); *AtGID1C*, (*GA INSENSITIVE DWARF1C*); and *AtSLY1* (*SLEEPY1*). The data represent the average of two biological repeats. (This figure is available in colour at *JXB* online.)](jexboterp308f05_3c){#fig5}

To investigate the involvement of eRF1-2 in the GA response, expression of GA biosynthetic and signalling component genes in 6-d-old seedlings grown on MS plates was examined by qRT-PCR using gene-specific primers ([Table 1](#tbl1){ref-type="table"}). Among these genes, *AtGA3ox2* had a higher expression in the *erf1-2* mutant with over 4-fold higher than that in wild-type plants. Interestingly, *AtGA3ox2* was expressed with a 2-fold increase in the *eRF1-2* overexpressing plants than in the wild type ([Fig. 5D](#fig4){ref-type="fig"}), perhaps due to feedback regulation under GA deficiency condition or other unknown mechanisms. The expression of the other GA biosynthetic and GA signalling genes did not significantly differ from that in the wild-type seedlings. These results collectively suggest that eRF1-2 affects the GA response probably via regulating the expression of *AtGA3ox2* during germination.

Discussion
==========

*Arabidopsis* eRF1-2 has been demonstrated to possess protein translation termination activity ([@bib5]). The ribosome is assembled in the nucleus and functions in the cytoplasm, and eRF1 along with eRF3 bind the ribosome ([@bib32]). The subcellular localization of eRF1-2 at both the nucleus and cytoplasm in *Arabidopsis* plants is consistent with its role in protein translation termination.

In addition to the important role as essential components of the protein synthesis machinery, eRF1 proteins have been shown to exert additional functional roles in growth and development in eukaryotes ([@bib51]). Several lines of evidence provided here showed that eRF1-2 affected plant responses to glucose in *Arabidopsis*. First, the *eRF1-2* overexpressing lines showed delayed germination and arrested early seedling development in response to 5% or more glucose. The inhibitory effect of sugar on germination and early seedling development is a characteristics of many sugar responsive genes. It has been commonly used to identify the sugar responsive components, such as *GIN1/ABA2*, *GIN2/HXK1*, *GIN4/SIS1/CTR1*, *GIN5/ABA3/LOS5*, and *GIN6/SIS5/ABI4* ([@bib61]; [@bib2]; [@bib19]; [@bib33]). Second, it is well known that an increased level of glucose represses photosynthetic gene expression ([@bib40]). *CAB1* and *PC* are nuclear-encoded photosynthetic genes that are regulated by glucose via the HXK-dependent pathway ([@bib61]). *CAB1* and *PC* mRNA levels were significantly reduced in the *eRF1-2* overexpressing plants compared with wild-type plants. Collectively, the enhanced sensitivity of the *eRF1-2* overexpressing transgenic plants to glucose and reduced expression of the glucose-repressed genes indicate that *eRF1-2* can affect the glucose response.

ABA plays an important role in plant vegetative development regulated by sugars. A number of sugar-resistant mutants were found to be allelic to the genes involved in either ABA biosynthesis or signalling ([@bib2]). The ABA levels of the *eRF1-2* overexpressing lines were found to be lower than that of WT when treated with 6% glucose. The low level could be due to enhanced activity of ABA catabolic enzymes despite the fact that one such gene *CYP707A2* showed no differential expression among plants with altered eRF1-2 expression. The low ABA levels in the *eRF1-2* overexpressing lines rule out the possibility that hypersensitivity of the overexpressing plants to glucose was caused by the enhanced accumulation of ABA in these transgenic plants. Examination of the ABA response during germination revealed that the *eRF1-2* overexpressing plants were hypersensitive to ABA, establishing a possible involvement of ABA in the hypersensitivity of the *eRF1-2* overexpressing plants to glucose.

eRF1-2 also appears to affect the plant responses to GA during plant growth and development. There is a possibility that eRF1-2 affects the GA response through regulating the expression of *AtGA3ox2*. GAs are derived from geranylgeranyl diphosphate via a series reactions catalysed by ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS), GA 20-oxidase (AtGA20ox), and GA 3-oxidase (AtGA3ox) in higher plants ([@bib35]). AtGA3ox catalyses the conversion of precursors to bioactive GAs, which is the rate-limiting step in GA biosynthesis ([@bib41]). Of four *Arabidopsis* GA3ox family members, AtGA3ox1 and AtGA3ox2 have been demonstrated to be responsible for GA synthesis during vegetative growth ([@bib31]). In this study, higher expression of *AtGA3ox2* was observed in the *erf1-2* mutant. Although the *AtGA3ox2* transcript level was also higher in the *eRF1-2* overexpressing line than wild-type plants, such a higher level could be due to the feedback regulation of the gene expression by GA-deficiency as shown in other cases ([@bib10]).

Gibberellins regulate plant growth and development, including seed germination, internode elongation, and flowering ([@bib57]). Previously, SPINDLY (SPY) has been identified as a negative regulator of GA signalling. While the *spy* mutants are able to germinate in the presence of PAC ([@bib22]), overexpression of *SPY* in *Arabidopsis* produces enhanced sensitivity to PAC ([@bib47]). Similarly, the *erf1-2* mutant exhibited enhanced resistance to PAC during seed germination and early seedling development, and overexpression of *eRF1-2* caused an enhanced sensitivity to PAC, suggesting that eRF1-2 might exert a negative role in the GA responsive pathway. Although PAC-resistant germination is a characteristic typical of ABA-deficient mutants ([@bib28]), the altered GA sensitivity observed in the *erf1-2* mutant appears not to be associated with a deficiency in ABA biosynthesis. The increased resistance of the *erf1-2* mutant might be due to increased levels of GA as indicated by higher expression of *GA3ox2*, or hypersensitivity to GA. In addition, as demonstrated in the *spy* mutants and overexpressing lines ([@bib22]; [@bib47]), alteration of *eRF1-2* expression also appeared to change the plant flowering time. Transgenic plants overexpressing the *eRF1-2* were observed to have a slightly delayed flowering time while the *erf1-2* mutant flowered earlier (data not shown), which is consistent with the involvement of eRF1-2 in the GA response.

Recent studies have revealed an interesting link between sugar and phytohormone in regulating plant growth and development ([@bib18]; [@bib12]; [@bib27]). There is a possibility that high sugar may affect mRNA stability or protein translation of some ABA or GA catabolic proteins. Overexpression/knockout of *eRF1-2* may affect these processes. Future experiments will test out these hypotheses.

As an essential component of the protein synthesis machinery, it is intriguing how eRF*1-2* mediates the glucose and GA responses. One possibility is that eRF*1-2* may confer its function by regulating mRNA metabolism. In eukaryotes, release factors eRF1 and eRF3 are involved in the nonsense-mediated mRNA decay ([@bib9]). The nonsense-mediated mRNA decay has diverse roles in the regulation of gene expression ([@bib21]; [@bib43]), which might specifically regulate genes involved in glucose and GA metabolism. The other possibility is that eRF1-2 may exert its role through interacting with various proteins of distinct biological functions. eRF1 is known to be associated with a number of proteins in participating different cellular processes, and the eRF1 binding partners determine eRF1 function ([@bib52]). For example, when eRF1 binds to eRF3, it acts as a translation termination factor. When it interacts with the myosin light chain (Mlc1p) in yeast, it affects cytokinesis ([@bib52]). In *Drosophila*, eRF1 was shown to interact with DnaJ-1 and Sap47 in a two-hybrid-based protein-protein-interaction network ([@bib20]). The other eRF1 interacting proteins include protein phosphatase 2A, UPF1, Itt1p, and Mtt1 in yeast and human ([@bib1]; [@bib8]; [@bib49]). Of these eRF1-interacting proteins, the loss-of-function mutant *upf1* (*lba1*) causes hypersensitivity to glucose and early flowering in *Arabidopsis* ([@bib30]; [@bib60]). The UPF1 has been suggested to modulate sugar signalling via altering the expression of an unknown target gene that affects the expression of a subset of sugar-induced gene ([@bib60]).

In conclusion, our findings showed that eRF1-2 can affect glucose and phytohomone responses in addition to its activity in protein synthesis termination. The fact that the *erf1-2* mutant exhibited a clearly enhanced resistance to PAC but was not enough to interfere with the glucose response, possibly due to functional redundancy among the three eRF1 family proteins, suggests that eRF1-2 may exert a stronger functional role in affecting the GA response. Further investigation of the molecular mode of action of eRF*1-2* will facilitate a better understanding of its precise role in regulating plant growth and development.
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The following [supplementary materials](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1) are available at *JXB* online:

**[Supplementary Fig. S1.](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1)** Expression pattern of GUS driven by the *AteRF1-2* promoter in *Arabidopsis*.

**[Supplementary Fig. S2.](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1)** Analysis of the *erf1-2* mutant.

**[Supplementary Fig. S3.](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1)** Expression of ABA biosynthetic and catabolic genes in wild-type and *AteRF1-2* transgenic plants.

**[Supplementary Table S1.](http://jxb.oxfordjournals.org/cgi/content/full/erp308/DC1)** Primers used for qRT-PCR analysis of ABA biosynthetic and catabolic genes.
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